DISCUSSION OF AVAILABLE METHODS TO SUPPORT REVIEWS OF SPENT FUEL STORAGE INSTALLATION CASK DROP EVALUATIONS

I. Background and Scope
Applicants seeking a Certificate of Compliance for an Independent Spent Fuel Storage Installation (ISFSI) cask must evaluate the consequences of a handling accident resulting in a drop or tip-over of the cask onto a concrete storage pad. As a result, analytical modeling approaches that might be used to evaluate the impact of cylindrical containers onto concrete pads are needed. One such approach, described and benchmarked in NUREGKR-6608,' consists of a dynamic finite element analysis using a concrete material model available in DYNA3D2 and in LS-DYNA,3 together with a method for post-processing the analysis results to calculate the deceleration of a solid steel billet when subjected to a drop or tip-over onto a concrete storage pad.
The analysis approach described in NUREGiCR-6608 gives a good correlation of analysis and test results. The material model used for the concrete in the analyses in NUREGKR-6608 is, however, somewhat troublesome to use, requiring a number of material constants which are difficult to obtain. Because of this a simpler approach, which adequately evaluates the impact of cylindrical containers onto concrete pads, is sought.
Since finite element modeling of metals, and in particular carbon and stainless steel, is routinely and accurately accomplished with a number of finite element codes, the current task involves a literature search for and a discussion of available concrete models used in finite element codes. The goal is to find a balance between a concrete material model with a limited number of required material parameters which are readily obtainable, and a more complex model which is capable of accurately representing the complex behavior of the concrete storage pad under impact conditions. The purpose of this effort is to find the simplest possible way to analytically represent the storage cask deceleration during a cask tip-over or a cask drop onto a concrete storage pad.
This report is divided into three sections. The Section I1 provides a summary of the literature search on concrete finite element models. The Section I11 discusses commercial codes. The Section IV provides recommendations. Analyses using DYNA3D and experimental tests were made of the following drops: 1) Thick walled steel cask used for transporting spent nuclear fuel: 6m corner drops onto a rigid target with full-scale half-length test and with 1/4.5 scale test. 2) "Ruggedised' I S 0 type container, used for transporting radioactive waste (rectangular box-like container). These were quarter scale tests, impact simulated for unyielding and concrete targets. Information about the concrete target model is not included. 3) Steel-clad concrete package, used to transport decommissioning waste. Impact tests were conducted horizontally with an air gun. No actual results were provided, no material properties were provided. The concrete was modeled as a crushable foam material using compaction and yield surface properties stated to be "known." Bazant's microplane theory is applied for concrete pavement. Theory is discussed in paper for completeness. Material's constitutive laws are represented by a relation between stress and strain components on planes of various orientations. These planes may be imagined to represent damage planes or weak planes in the microstructure, such as contact layers between aggregate pieces in concrete.
Authors state "even the most advanced and widely used large scale codes, e.g., ABAQUS, ANSYS, and DYNA3D, have yet to provide a model of concrete or asphalt in its material library that could capture the constitutive response of pavement under dynamic loading, varying strain rates, or cyclic loading."
The paper discusses the methodology for implementing the microplane theory in ABAQUS. The authors claim that the method provides a substantial improvement over the most widely used pavement design software. The problem evaluated is the performance of reinforced concrete floors subjected to heavy dropped loads. Both analytical and experimental investigations are reported. The test object is a 2m x 2m x .3m concrete panel, with reinforcing, which is supported around the perimeter only, The edge boundary conditions are most accurately described as fixed. The author describes a process of performing a sensitivity study with DYNA3D to determine which material parameters the model is sensitive to, and a "best" calculation was performed. The results of the calculation fairly closely match the experimental results for deflection time history plots. William -W a d e Bresler -Pister The authors undertook a seven year effort to develop software for the forms listed above and compared the results with published test data for uniaxial tension, biaxial tension, triaxial tension, and for split tension tests. A simply supported slab subjected to uniform loading was also evaluated. The material models were incorporated into two finite element codes (STRAW and SADCAT developed at Argonne National Laboratory. These codes were expanded and renamed, currently known as STRAWP and CBS-1 at Purdue, as part of the effort described in the paper.) Results of the evaluation are that Hsieh-Ting-Chen, William-Wade, and Bresler-Pister methods have widely varying hardening rates under biaxial stress conditions: stiffer in biaxial compression, softer in tension-tension and tension-compression. Von Mises and Drucker-Prager functions exhibit nearly uniform hardening rate under all biaxial conditions. Under triaxial conditions, none of the considered functions accurately and consistently predicted the behavior of concrete.
Hsieh -Ting -Chen. A strain-hardening plasticity model is developed for concrete. Reinforcement is included by adding its contributions to the material constitutive matrix that corresponds to the normal strain in the transverse direction. (This is a smeared model.) Study focuses on the implementation of a finite element model, which determines the deflection and punching shear strength at column connections of concrete plates. A discussion of strain hardening plasticity theory is included.
Applicability to cask impact: Very useful background material. It is likely that
Nine half-scale reinforced concrete models, each weighing about 5000kg, were tested to failure. Results of tests were compared with presented model, and also with various "cookbook" procedures, including the American Concrete Institute method, the Standards Association of Australia procedure, and the recommendations of the British Standards Institution. (It is interesting to note that the ACI method produced the worst (most incorrect as well as nonconservative) results.) The improved model includes a third, independent yield failure surface, removal of tensile cutoff and extension of the plasticity model in tension, and shift of the pressure CLl t 0 ff. Analyses of a full scale DSC cask subjected to 9-meter CG over corner drop, a 1 -meter drop of DSC the lid onto a pin, and 1-meter drop of the DSC welded flange region onto a pin are described. The DSC cask tested includes a polyurethane foam impact limiter and concrete shielding which is contained between steel inner and outer liners. The finite element code H3DMAP (an Ontario Hydro Research Division code) was used for the analyses. Tests were conducted of a half scale experimental model. Experimental decelerations were filtered at 1 OOOhz because measurements of the natural container frequencies were in the 2000-3000hz range. A force-time-history plot is provided for one of the testianalysis comparisons and shows excellent agreement.
Applicability to cask impact: Possibly applicable. Current use is for static problems.
The concrete was modeled as an isotropic, hydrodynamic elastic-plastic material with an equation of state. Material properties were estimated from a variety of sources. The effect of microcrack interactions is addressed by implementing a new non-local method into an existing smeared-crack finite element code for concrete (not stated which code).
The peak load for tensile specimens is compared for the microcrack interaction method, and without this proposed method. The peak loads from the two methods match closely; however, the post peak behaviors do not match. The stated reason is that the material correctly softens as the microcracks coalesce into a single macrocrack. A microplane formulation for soils constitutive modeling is presented. Similar models for concrete behavior are described. In the case of concrete, the microplane may be thought of as representing the contact layers between hard aggregate particles in which most of the inelastic deformation (possibly including plastic slip) takes place.
The theoretical model is presented and may be introduced into a nonlinear FE code.
The concrete model assumes that the compressive behavior is always linear elastic, and is therefore most accurate when brittle behavior dominates the problem. The model assumes that the material behavior prior to cracking is elastic. The model allows for removal of failed elements as an option. ABAQUSExplicit uses a smeared crack model in orthogonal directions, and does not track micro-cracks. A variety of elements are available to be used with this material, including beam, shell, plane stress, plane strain, axisymmetric, and three-dimensional bricks.
Concrete material properties required include:
Shear modulus
Shear retention factor Crack opening strain Uniaxial tensile strength Standard elastic material properties
ANSYS
ANSYS is an implicit code, which means that it is not ideal for dynamic impact problems. The ANSYS Multi-Physics option gives the user the option of using the MacNeal Schwendler MSC-DYNA, which is an explicit code more suitable for impact problems. Nevertheless, the concrete model in ANSYS implicit is discussed below.
ANSYS has an element called "SOLID65 3-D Reinforced Concrete Solid,"' which is an eight node brick element. Tensile cracking and compressive crushing are both possible. Tensile cracking is permitted in three orthogonal directions, is modeled as an adjustment of the material properties, and is smeared through the element. If an element fails in uniaxial, biaxial, or triaxial compression it is assumed to have crushed and no longer contributes to the stiffness of the element. Shear transfer coefficients may be input, allowing for a range between complete loss of shear transfer, (representing a smooth crack), or no loss of shear transfer, (representing a very rough crack). Steel-reinforcing may be included; if it is included, it is smeared throughout the element. One solid material and up to three steel-reinforcing materials may be specified for the element. The excellent results demonstrated for the bending example problem are, however, not an indication of the suitability of this element for an impact problem. The metric for success for the impact problem is an accurate representation of the energy absorption capability of the concrete material, and a corresponding match in the deceleration of the billet upon impact. A benchmark analysis to test results would be desirable. 
DYNA3D
DYNA3D is a finite element code developed initially in the late 1970's at Lawrence Livermore National Laboratory, and has been available at nearly zero cost to the public for many years. Because it is aimed at developing dynamic finite element technology, commercial code developers incorporate ongoing changes in DYNA into commercial finite element codes. DYNA is the direct predecessor of Pam-Crash and Radioss, (both French codes,) MSC-DYNA and DYTRAN (MacNeal Schwendler codes), and LS-DYNA (Livermore Software Technology code.) In addition, DYNA was used as a development resource for Pronto3D (Sandia National Laboratories code) and ABACUS Explicit (HKS code.)6
The use of DYNA3D for finite element analyses involving concrete is cited a number of times in the literature search summarized in Section I1 of this report. Concrete researchers at LLNL and other national laboratories, in other countries, at universities, and in private research firms use DYNA3D.
The use of DYNA3D for the evaluation of the impact of ISFSI storage casks onto concrete pads is discussed in detail in NUREG/CR-6608. The principal shortcoming of about the use of Material Model 16 in DYNA3D is that the model requires extensive concrete input parameters, which make it cumbersome to use. It is for this reason that a parameter study is suggested in order to evaluate which of the parameters have a significant effect on the results and must be accurately determined, and which may be estimated based on known concrete properties.
LS-DYNASD
As discussed above, LS-DYNA is a commercial version of DYNA3D, which has undergone separate development since 199 1. LS-DYNA can be used to generate the results described in NUEEG/CR-6608 using Material Model 16. Alternately, LS-DYNA may be linked with a model developed at AEA Technology known as the Winfrith Concrete Model, discussed in Section I1 of this report under Broadhouse, 1995. This Model is known as Material Type 84, and is not available in the version of LS-DYNA described in the May 1999 LS-DYNA user's manual. The sample problem described in the Broadhouse reference is an essentially fixed concrete plate impacted in the center with a dropped steel cylinder, discussed in greater detail in Broadhouse, 1992. For this sample case a sensitivity study was performed (described in Broadhouse, 1992) on the parameters required for the model to enable the best set of parameters to be combined in the final calculation. The crack patterns from the analysis and the test match fairly well, as do the deflection time history plots for selected nodes on the concrete. The deflection plots show that the peak deflection occurs at roughly 5 milliseconds, indicating that the impact is softer than those described in NUREG/CR-6608. Most of the benchmark details are not provided. 
PRONT03D
PRONT03D is a three-dimensional transient solid dynamics code for analyzing large deformations of nonlinear materials subjected to extremely high strain rates developed at Sandia National Laboratories. This Lagrangian finite element program uses an explicit time integration operator to integrate the equations of motion. A contact algorithm allows for the impact and interaction of deforming contact surfaces. The concrete model described for blast loading (see Attaway et. al., in Section I1 above) could very likely be used for the billet impact problem with success.
IV. Recommendations
A number of researchers have commented that general purpose concrete models capable of modeling constitutive behavior of concrete under all loading conditions may not exist at this time. As a result, it is necessary to focus on the loading condition of interest. For the specific problem being addressed in this report, the concrete model needs to be able to represent the energy absorption capability of the concrete during impact conditions, so that the deceleration of a nearly rigid billet impacting the concrete material can be predicted. The behavior of concrete during the low velocity impacts in question is clearly inelastic (cracks are observed in the tests.) In general, inelastic behavior of concrete can be separated into two categories: (1) brittle failure in tension or compression (fracture or crush) and (2) internal slip and micro-cracking irreversible behavior (strain softening.) Both phenomena contribute to the energy absorption capability that must be represented.
Currently, the best test data available to provide ISFSI cask impact benchmarking, for any chosen method, are reported in NUREG/CR-6608. It must be noted that because the data presented in that report are for a roughly 1/3-scale test of a solid billet, an extrapolation is required from the method presented to a full size cask. Nevertheless, until adequate full size data are available, any model that can predict the deceleration results for billet impact given in NUREG/CR-6608 must be considered reasonable.
The goal of finding a model that can adequately represent both the strain softening and brittle behavior of the concrete for impact conditions, with only a handful of easily obtainable parameters, is probably unrealistic. An alternative is to select what might be the best available finite element model, make logical estimates of the parameters which are difficult to obtain with standard concrete property tests, and then perform a sensitivity study to determine which of those parameters must be defined with a greater degree of accuracy.
Because ABAQUS/Explicit considers only elastic behavior in compression, the model may be too simplistic to adequately model the impact situation. On the other hand, since the goal is to match the deceleration of the billet or cask, the nonlinear compression behavior of concrete may not be relevant. MARC appears to have the needed capability, however, it was not cited in the references in Section I1 as a code that had been used for concrete impact calculations. ANSY S is an implicit code, which is not ideal for impact problems. PRONT03D appears to have the capability, and has been benchmarked against dynamic loading conditions, although not the specific billet impact condition considered here. DYNA3D and LS-DYNA have been demonstrated by a number of researchers to be likely candidates for this analysis, however only DYNA3D has been benchmarked against the specific data available in NUREG/CR-6608.
Specific recommendations are as follows:
V.
DYNA3D , LS-DYNA, and PRONT03D appear to be the best finite element codes for the concrete impact problem being considered. Perform a study to determine which parameters in DYNA3D/Material Model 16 may specified within a broad range of estimated values, and which need to be specified more accurately.
Allow cask applicants to use any code or method that can be benchmarked against the data in NUREGKR-6608, or against data obtained by comparable testing. Ask the applicant to perform the benchmark.
Eventually, perform a full-scale drop test onto a concrete storage pad in order to generate full-scale data for benchmarking.
